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of the orbital ordering in Pro.sCao.sMnOa: neutron diffraction study 
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The melting process of the orbital order in Pro.sCao.sMnOa single crystal has been studied in 
detail as a function of temperature by neutron diffraction. It is demonstrated that a commensurate- 
incommensurate (C-IC) transition of the orbital ordering takes place in a bulk sample, being con- 
sistent with the electron diffraction studies. The lattice structure and the transport properties go 
through drastic changes in the IC orbital ordering phase below the charge/orbital ordering temper- 
ature Tco/oOi indicating that the anomalies are intimately related to the partial disordering of the 
orbital order, unlike the consensus that it is related to the charge disordering process. For the same 
T range, partial disorder of the orbital ordering turns on the ferromagnetic spin fluctuations which 
were observed in a previous neutron scattering study. 
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Charge ordering is an ubiquitous phenomenon in tran- 
sition metal oxides. For example, a so-called "CE-type" 
charge ordering plays an essential role in the Colos- 
sal Magnetoresistance (CMR) phenomenon which can 
be observed in hole-doped perovskite manganites, such 
as i?i_a;^a;Mn03, where R denotes trivalent rare-jjsarth 
ions while A denotes divalent alkaline-earth ions.BB In 
the CE-type charge-ordered state which appears near 
X ^ 1/2, Mn'^+ and Mn''+ ions form a checkerboard 
pattern with a 1 : 1 ratio. As pointed out in pioneetj 
ing works on LaortCao.sMnOa by WoUan and KoehlerEl 
and Goodenough,Q this charge-ordered state is accompa- 
nied with the ordering of the Cg orbitals on Mn'^+ sites 
as well 4if|-ithe CE-type antiferromagnetic (AFM) spin 
ordering,0i3 thereby offering an ideal platform to study 
an interplay among charge, orbital and spin degrees of 
freedom. 

Reflecting such multiple degrees of freedom, the CE- 
type charge/orbital/spin ordering shows a complicated 
ordering/melting process. According to very recent x- 
ray scattering studies on Pri^^^CaajMnOa with x ~ 1/2, 
the simultaneous charge /orbital long-range ordering is 



order is established at Tm which is far below T( 
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Well above T > Tco/ooi however. 



the charge/orbital short-range correlation is developed, 
but the correlation length of the short-range charge or- 
dering ^co is always longer than that of the orbital order- 
ing ^oOj indicating that the charge ordering iSj^driving 
force for the CE-type charge/orbital ordering.l3'Q As for 
the spin correlations, the CE-type AFM long-range spin 



the AFM spin fluctuations in the charge/orbital-ordered 
phase is rapidly taken over by the ferromagnetic fluctu- 
ations in the T region for T^ ^T < Tco/oo-B 

One of the interesting but not well-elucidated aspects 
of the CE-type charge/orbital ordering transition is the 
incommensurability of the orbital ordering. When the 
ideal CE-type charge/orbital order is formed, zigzag ar- 
rangement of the ordered d{ix^ — r^) and d(3y^ — r^) 
orbitals of Mn^^^ ions in the ah plane and associated lat- 
tice distortions will double the unit cell along the h axis in 
the orthorhombic (Pbnm) lattice, and produce compien- 
surate superlattice reflections at goo — (0, 1/2, 0).EEjIn 
contrast to these expectations, based on electron diffrac- 
tion studies, it has been repeatedly reported that the 
CE-type charge/orbital ordering in Lao.sCao.sMnOa and 
i?i_a;Caa;Mn03 mitb-j: ^ 1/2 {R: rare-earth ions) is 
incommensurate,llj1]£l and an elaborate charge/orbital 
ordering (or melting) process was suggested. In par- 
ticular, it was argued that the onset of the commen- 
surate orbital ordering is decoupled from the onset of 
the charge ordering, and the orbital ordering can be in- 
commensurate imrnediately below Ico/oo- I^^ fact, the 
incommensurabilitjO e in Fro.sCao.sMnOa observed by 
electron diffraction becomes finite above the AFM spin 
ordering temperature Tn, and e grows with increasiag T, 
reaching as large as 0.11 ^ 0.12 near Tcq/oo-^^" It 
should be noted that such a large value of e has been ob- 
served mainly in electron diffraction studies or an x-ray 



study with Lao.sCao.sMnOa powder sample. 

By contrast, very recent x-ray scattering studies on 
single crystal samples of Pri-^^CaajMnOs argued that the 
orbital ordering wave vectors remain strictly commensu- 
rate throughout the ordered phase at any temperature, 
being in strikiiic; disagreement with the electron diffrac- 
tion studies BllS Incidentally, there is no explicit state- 
ment on the incommmensurability from neutron diffrac- 
tion studies to our knowledge, seemingly giving an im- 
pression that the charge/orbital ordering may be com- 
mensurate. A lack of consensus on this issue over three 
diffraction techniques may give rise to a question whether 
the incommensurate orbital ordering is an intrinsic bulk 
property. 

To unravel this issue, neutron diffraction would be a 
key experimental technique because of high transmissibil- 
ity of neutrons which allows to observe bulk properties of 
the specimen. Moreover, the neutron diffraction has an 
advantage that it is sensitive to the displacements of oxy- 
gen ions which are introduced by the orbital ordering. In 
what follows, we shall report a detailed neutron diffrac- 
tion study of the melting process of the orbital ordering 
in a single crystal sample of Pro.sCao.sMnOa. We shall 
demonstrate that the orbital ordering is indeed incom- 
mensurate for certain temperature range below Tco/oo > 
and argue that the anomalies are intimately related to 
the disordering process of the orbital order, unlike the 
conventional picture that it is related to the collapse of 
the charge ordering. 

Prortpao.sMnOa is orthorhombic, but is very close to 
cubicJj'llS Throughout this paper, we employ the Pbnm 
setting for convenience of easier comparison with preced- 
ing works. Thereby, the lattice constants are related to 
the simple cubic lattice parameter Uc as a ^ b ^ c/v2 ~ 
V2ac ~ 5.4 A. In the Pbnm setting, the superlattice re- 
flections due to the orbital ordering appear at {h, k/2, I) 
with k = odd integer at low temperatures. The CE-type 
AFM Bragg reflections by the Mn^+ moments appear at 
{h/2, k, I) with k = integer and h, I — odd integer, while 
those by the Mn'*+ moments appear at (/i/2, /c/2, I) with 
h^ k, I = odd integer. 

The single crystal sample was melt-grown by the float- 
ing zone method as described elsewhere.El The quality of 
the sample was checked by x-ray powder diffraction mea- 
surements and by inductively coupled plasma mass spec- 
troscopy (ICP). Neutron diffraction experiments were 
performed using a triple axis spectrometer GPTAS in- 
stalled at the JRR-3M reactor in JAERI, Tokai, Japan. 
The incident neutron momentum is k[ = 2.66 A~^ with a 
pyrolytic graphite (PG) filter employed before the sam- 
ple to suppress higher-order contaminations. Most of the 
measurements were carried out with a double axis con- 
figuration with 20'-20'-20' collimators, while for measure- 
ments at high temperature (T > 250 K) the collimation 
was relaxed to 20'-40'-20' or 20'-40'-40' to improve the 
visibility of weak superlattice peaks. The sample was 
mounted in an Al can filled with He gas, and was attached 



to the cold head of a closed-cycle helium gas refrigerator. 
The temperature was controlled within an accuracy of 0.2 
K. All the measurements were carried out on the {h, k, 0) 
scattering plane except for the T dependence of the AFM 
Bragg reflection (0.5, 0.5, 1). 

In order to confirm the presence of the superlat- 
tice peaks due to lattice modulations induced by the 
orbital ordering, we surveyed the (/i, fc, 0) scattering 
plane at 100 K. The superlattice peaks were observed 
at the {h, k ± f/2, 0) positions with h, k = integer. 
The peak intensity shows a strong Q dependence due 
to the structure factor, and for an accessible Q range 
of the present experiments, the strong peaks were ob- 
served along the (2, k, 0) line, and the profiles around 
(2, —0.5, 0) scanned along k at selected T's are shown 
in Fig. nl Since the charge /orbital ordering transition 
is weakly first order with hysteresis (See Fig. ||(d)), all 
the measurements in the present study were carried out 
with elevating T. The magnetic and charge/orbital or- 
dering transition temperatures for the present sample are 
Tn -- 180 K and Tco/oo ^ 240 K, respectively (See Fig. 
p|(a)). In the left column of Fig. Il|, one can see a well- 
defined peak centered at fc = —0.5 up to T '--^ 220 K, indi- 
cating that the orbital order is commensurate. Even for 
the moderate momentum resolution of neutron diffrac- 
tion, the peak has a finite width, indicating that the or- 
bital ordering is not a true long range order. From the 
width of profiles, the correlation length ^ for the orbital 
ordering is roughly estimated to be an order of ^ 100 
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FIG. 1. Temperature dependence of the orbital ordering 
superlattice peak observed along the [010] direction at se- 
lected T's. Note that Tn - 180 K and Tco/oo ~ 240 K, 
respectively. The peak at fc = —1/2 and the shoulder at 
k = —1/3 in (f) are contaminations due to the higher-order 
reflections. 






A at 100 K, being consistent with the x-ray scattering 
study (^ = 160 ±10 A)J3 The finite correlation length 
of the orbital ordering also limits the correlation length 
of the accompanied CE-type AFM spin ordering, aaj-waa 
demonstrated in recent neutron diffraction studies .cHl3't£l 

At T = 220 K, the width is shghtly wider than 
those at lower T's, but it recovers the low T value for 
225 K < T < Tco/oo: ^-nd the profile splits into t 
peaks at the incommensurate positions (2, — 0.5±e, 0) 
Upon elevating T above Tco/oo ~ 240 K, the width 
increases rapidly, while the intensity decreases drasti- 
cally. As shown in Fig. |l](f), the intensity of the su- 
perlattice peaks at T = 250 K is now weaker than a 
tail of the Huang scattering centered at Q = (2, Q-OI 
which was observed in a recent x-ray measurement £3't2l 
As labeled in Fig. |l|(e), the weak peak at left and the 
stronger peak at right are assigned to (2, —1, 0) + goo 
and (2, 0, 0) — goo with Igool = 0.445, respectively. 
From the scattering configuration, it is straightforward to 
see that the superlattice intensity results from the trans- 
verse component of the lattice distortions induced by the 
orbital ordering because of the |Q • ^P term in the cross 
section, where ry represents a displacement vector of con- 
stituent ions. Furthermore, an asymmetry of superlattice 
intensities reflects the difference of the structure factor 
of generic fundamental nuclear Bragg reflections, weak 
(2, —1, 0) and intense (2, 0, 0) reflections. It should be 
noted that similar two peak profiles with asymmetric in- 
tensity in Pro.sCao.sMnPfl-were clearly observed in elec- 
tron diffracti(Mi-atudies,E3ii3 but not observed in recent 
x-ray studies. eIEJ 

Now that the incommesurability of the orbital order- 
ing has been confirmed by the present neutron diffrac- 
tion study, we shall examine the melting process of the 
orbital ordering in further detail. In Fig. 0(a) are plot- 
ted the T dependences of the order parameter of the CE- 
type AFM spin ordering for the Mn'*+ moments observed 
aX Q — (0.5, 0.5, 1) and that of the orbital ordering ob- 
served around Q = (2, —0.5, 0) with elevating T. The 
CE-type AFM spin ordering disappears at Tn ~ 180 
K. The T dependence of the orbital order parameter 
in Fig. H(a) exhibits a clear change at Tc-ic ^ 215 
K. The intensity decreases gradually up to Tc-ic, then 
drops steeply towards Tco/oo ^ 240 K. Interestingly, 
this changeover of the T dependence of the intensity cor- 
responds to the commensurate-to-incommensurate tran- 
sition of the orbital ordering vector goo = (0, (5, 0), 
as is shown in Fig. |(b). Up to Tc-ic ~ 215 K, the 
peak position is commensurate with 5 = 0.5, then 5 
gradually decreases towards 5 ^ 1/3. Namely, the or- 
bital ordering in Pro.sCao.sMnOs is incommensurate for 
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The T dependence of the width 



of the superlattice peak is also shown in the same panel. 
The width shows a subtle increase around Tc-ic which is 
also evident in the profile shown in Fig. |^(c), but recovers 
and maintains the low T value up to T^ 
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FIG. 2. T dependences of (a): Integrated intensities 
for (2, —0.5, 0) orbital order peak (closed symbols) and 
(1/2, 1/2, 1) AFM peak (open symbols), (b): Orbital or- 
der wave vector qoo ~ (0, 5, 0) (closed symbols) and width 
(FWHM) of (2, -0.5, 0) orbital order peak (open symbols), 
(c): Scattering vector of the (2, 0, 0) fundamental reflection. 
(d): Resistivity. In (b), the instrumental resolution is indi- 
cated as a dotted line. All data except the resistivity were 
measured with heating. 



exactly to the precipitous change of the lattice constants 
as evidenced by the T dependence of the scattering vec- 
tor for the (2, 0, 0) nuclear Bragg reflection (Fig. ||(c)), 
and a steep decrease of the resistivity (Fig. 0(d)). 



From the data presented in Fig. |2| the following in- 
triguing picture emerges for the melting process of the 
orbital ordering in Pro.sCao.sMnOa. The melting pro- 
cess consists of three stages. First of all, the C-IC tran- 
sition of the orbital ordering is not correlated to the 
CE-type spin ordering at Tn ~ 180 K, and begins at 
Tc-ic ~ 215 K. In a very early stage of the C-IC tran- 
sition, the superlattice is still almost commensurate, but 
its width increases (Fig. |l|(c)), indicating that the com- 
mensurate and nearly-commensurate orbital orders are 
mixed in the system. This stage may be attributed to 
the situation in which occasional discommensurations are 
introduced to the system. According to high resolution 
lattice images, it is suggesteid-|tliat unpaired Mn'^+ stripes 
cause discommensurations.Ejta In the second stage of 
the transition, the superlattice peak splits into two in- 
commensurate peaks. At the same time, the lattice con- 
stants show precipitous changes, and the incommensu- 
rability varies quickly, although the width recovers the 
low T value. The decrease of the superlattice intensity 
above Tc_ic indicates that the number of the orbital- 
disordered Mn'^+ ions rapidly increases in the system. 
Concomitantly, the local melting of the orbital ordering 
triggers the rearrangement of the local Jahn- Teller lattice 
distortions, and causes the change of lattice constants 
(Fig. 12(c)). This rearrangement process also triggers the 
steep decrease of the resistivity (Fig. 0(d)). In the third 
stage above Tco/oo; the charge ordering and quasi-long- 
range orbital ordering is destroyed, and their correlation 
lengths rapidly increase. By Tco/oOi the local Jahn- 
Teller lattice distortions are sufficiently relaxed, then a 
rapid change of the lattice constants disappears above 
Tco/oo (Fig. 1(c)). 

It should be noted that in a study of the CE-type or- 
dering the charge and orbital orderings are often con- 
sidered to take place at the same temperature, because 
the CE-type charge and orbital orders are strongly cou- 
pled and their transition temperatures are very close. 
By careful examination of the melting process of the or- 
bital ordering, however, we succeeded in establishing that 
the anomalies in the structural, transport and magnetic 
properties take place in the IC orbital ordering state be- 
low the charge ordering temperature T ~ ?co/00- The 
present results indicate that the importance of distin- 
guishing the gradual melting process of orbital ordering 
from the collapse of charge ordering in order to under- 
stand the nature of the physical properties in the CMR 
manganites. 

It is also noteworthy that the partial disordering of the 
orbital order is consistent with the onsat of ferromagnetic 
spin fluctuations previously reportcd.B Kajimoto et al. 
reported that the ferromagnetic spin fluctuations are de- 
veloped for Tn ^ r < Tco/oo- In the melting process of 
the C-IC orbital ordering, a partially disordered orbital 
order disturbs static AFM exchange paths, and gives rise 
to ferromagnetic spin fluctuations. In this sense, the C- 
IC orbital disordering process is intimately related to the 
ferromagnetic spin fluctuations. 



In summary, we have studied the melting process of 
the orbital ordering in Pro.sCao.sMnOs single crystal as 
a function of T by neutron diffraction measurements. 
We successfully demonstrated that an incommensurate 
orbital ordering certainly exists in a bulk sample. The 
quasi long-range orbital ordering persists well above the 
C-IC transition temperature Tc-ic- The incommensu- 
rate melting of the orbital order induce the rearrange- 
ment of the lattice structure and the steep decrease of 
the resistivity due to partial disordering of the orbital 
order, and also induce ferromagnetic spin fluctuations 
which was reported in the previous neutron scattering 
study. This fact indicates that the drastic anomalies 
in charge/orbital ordered manganites are caused by the 
change of the orbital order rather than the charge order. 
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